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Abstract-A new scheme for harmonic wave generation using a pre- 
bunched electron beam has been demonstrated. The prebunched elec- 
tron beam has been used to further increase the efficiency of the au- 
thors' axis-encircling high-harmonic gyrotron. The proof-of-principle 
experiment was performed at the third harmonic with a TEJlr mode at 
27.7 GHz. The conversion power of 6.7 kW was significantly greater 
than that of the nonprebunched experiment. Also, mode competition 
was effectively suppressed. As expected, the unsaturated output power 
is proportional to the square of the electron beam current, and the 
start of oscillation current is essentially zero. A linear theory, derived 
by taking into account the spread of the guiding center and the spread 
of the axial velocity, gives good agreement with the experimental re- 
sults. 
O- 
Fig. I .  Dependence of square of normalized azimuthal RF electric field 
strength on normalized transverse velocity (0, = zll / c )  for several high- 
harmonic interactions. 
I. INTRODUCTION 
HE HIGH-HARMONIC gyrotron dramatically re- T duces the gyrotron's requisite magnetic field. It is 
based on the resonant interaction of a large-orbit axis-en- 
circling electron beam with a high-order azimuthal TE,f,n,, 
mode. Since the electrons are in resonance with the wave 
when w = nQro/y  + kll vg, where Qco = eBo/moc, kll and 
vII are the axial wavevector and velocity, respectively, and 
y = ( 1  - Z * Z / c * ) - ' / *  is the relativistic factor, the 
magnetic field requirement is reduced by a factor of n [ 11,  
PI. 
By combining the resonance condition with the trans- 
verse equation of motion, it can be shown that 0, z 
RL/a ,  where a is the cavity's radius, RL = 70, c /Qm is 
the electron Larmor radius, 0, = Y,/c, and U ,  is the 
transverse velocity. Therefore, because the fields of a 
high-order TE,, mode are localized near the wall of the 
cavity, strong interaction between the electrons and wave 
requires an electron beam with a high transverse velocity 
(Fig. 1). At the University of Maryland [3] and at the 
Naval Surface Weapon Center [4], the axis-encircling 
electron beam is produced by injection of an annular beam 
through a sharp magnetic field cusp. At UCLA and Na- 
tional Tsing Hua University, the high-energy axis-encir- 
cling electron beam is produced by a gyroresonant RF ac- 
celerator. A pencil beam is accelerated to an energy of up 
to 0.5 MeV in a T E l l l  cavity, becoming a high energy 
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axis-encircling helical beam [5]. The resultant electron 
beam behaves like a rigid corkscrew rotating about the 
axis. 
In earlier UCLA harmonic gyrotron experiments, the 
waves in the accelerator and interaction cavity were not 
phase-correlated. Hence the electrons enter the interac- 
tion cavity at random phase angles. Bunching takes place 
later, through interaction with the wave, as in a conven- 
tional gyrotron. Reference [6] reported a 32-GHz fourth- 
harmonic gyrotron with azimuthal and axial mode con- 
trol, and a nonuniform magnetic field with 2-kW output 
at 16% efficiency. Reference [7] reported 1 kW emitted 
at the eleventh harmonic with a 2.8-GHz accelerator, and 
65 GHz emitted at the eighth harmonic with a 9.2-GHz 
accelerator. In this paper, we report a novel variation of 
the harmonic gyrotron where the waves in both cavities 
are phase-correlated. Through such correlation, all elec- 
trons may enter the interaction cavity at the same phase 
relative to a fixed mode. This not only eliminates the 
problem of mode competition common to conventional 
harmonic gyrotrons, but also promises an efficiency with 
no intrinsic limit. 
In Section 11, the principles of prebunched operation are 
discussed. A linear theory is derived in Section 111. The 
proof-of-principle experiment is described in Section IV, 
along with a comparison of the experimental results with 
the theoretical predictions. The conclusion is then pre- 
sented in Section V. 
11. PRINCIPLES OF OPERATIONS 
When the axial external magnetic field is adjusted so 
that Q,, z U,,,, where U,,, is the frequency of the RF 
accelerator, the transverse electric field of the circularly 
polarized mode drives the electrons at their resonant fre- 
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quency . The electron guiding centers remain essentially 
constant as they acquire a large transverse velocity. An 
electron entering the cavity along the axis will exit at a 
radius equal to its Larmor radius at some azimuthal angle, 
&. The formation of a prebunched electron beam can be 
understood by considering a second electron entering at a 
time T later. All conditions for the second electron are the 
same except that the wave’s phase has advanced by wclc.,. 7. 
Therefore this electron will exit with the same radius, but 
with a new azimuthal angle equal to 4O + w c l c c ~ .  Thus the 
accelerator transforms a pencil beam into a rotating helix. 
Because the guiding center is invariant, the corkscrew’s 
thickness is equal to the thickness of the injected pencil 
electron beam and the guiding center spread is equal to 
the initial beam diameter. 
Although individual electrons rotate at their cyclotron 
frequency, the helix as a whole rotates at the accelerator’s 
frequency. If the frequency of the TE,,,,,/, mode of the 
downstream gyrotron cavity is equal to the n th  harmonic 
of the accelerator’s frequency, then the angular velocity 
of the wave will equal the beam’s angular velocity and 
each electron on an infinitely thin helix will see the same 
phase when entering the interaction cavity. The acceler- 
ator therefore behaves like the buncher cavity of a kly- 
stron amplifier. Therefore the prebunching condition is 
given by 
w = nwUcc. ( 1 )  
Meanwhile, for prolonged extraction of beam energy, 
the following gyroresonance condition must also be sat- 
isfied: 
(2)  
n%o - (). - w - k, ,  2/11 - -
Y 
From (1) and (2), the operating condition for a pre- 
bunched harmonic gyrotron is given by 
( 3 )  
However, optimal electron acceleration in the buncher- 
accelerator cavity [5] demands: 
wurc ~ Q , o / ( Y  + 1 )  (4) 
where y represents the value at the exit of the accelerator. 
Equation (4) states that the accelerating frequency should 
equal the average relativistic cyclotron frequency. Simul- 
taneous solution of (3) and (4) normally yields a relatively 
large kll. Therefore a high axial mode number should be 
used so that the optimal operating condition can be sat- 
isfied while the cavity’s length can still be long enough to 
allow the interaction to saturate. 
111. LINEAR THEORY 
The linear theory of the prebunched high-harmonic gy- 
rotron can be derived by considering an electron beam of 
radius Rb rotating inside a cylindrical cavity of radius R,, 
due to an external magnetic field as shown in Fig. 2. This 
corresponds to a nearly axis-encircling beam with a guid- 
Fig. 2 .  Cross-sectional projection of electron beam in cavity 
ing center spread of 2Rh. The azimuthal and radial com- 
ponents of a circularly polarized TE,,,,,/, cavity mode are 
given by 
E, = E,J,,(k,,,,,, R )  sin (kl lz) cos ( w t  - n e )  
E8 = - E,J:, (k,,,,,, R )  sin ( kllz) sin ( w t  - ne) 
( 5 )  
( 6 )  
which can be written as 
E r  = R e ~ E o ( J , , - , ( k , , , , , , R )  + J , l + l ( ~ , , , , , , N )  
sin ( kl lz) exp (i( wt - n e ) )  ( 7 )  
Eo = R e ;  E o ( J t I - l ( ~ , , , , l . ~ )  - Jn+l(k,,,,,R)) 
sin ( k , , z )  exp ( w t  - ne)  ( 8 )  
where k,,,,, = ql l , , /RU,  q,,,,, is the mth root of J A ( x ) ,  kll  = 
p 7 r / l ,  and 1 is the cavity’s length. 
The tangential electric field, E,, along each electron’s 
trajectory consists of both E, and components. By ap- 
plying the Bessel function summation theorem to the tri- 
angle in  Fig. 2, E, can be expressed as 
m 
E, = EO J:i +y(k , i , , i l  R L ) J y (  kti,,, r h )  
y =  -m 
wt - n 4  - q4(, - 
The dominant interaction for a large-orbit axis-encircling 
electron beam occurs for q = 0, yielding 
Er = EOJ:~(k,~,ni R L )  J O ( k , , t , ~ i  r b )  sin 
( 10) 
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We assume that the electrons are uniformly distributed 
throughout the beam’s cross section, so the density is 
given by p = N / x R ; ,  where N represents the number of 
For the special case of a cold electron beam, the distri- 
bution function is 
1 electrons per unit of axial length. Specifying the distri- 
bution of the electron beam as g ( pl , pII ), the total power 
g ( P l ?  PII) = - 6(P, - Pl0)6(Pl l  - PllO). (16) 
2TPlO 
flow into the wave is given by The corresponding power flow into the wave is given by 
(1 - x2)  ( 1 3 4  
and for even p as 
T , ( x )  = (sin ( y )  sin(y + n+o - ?))/ 
( 1  - x2)  ( 13b) 
where $o is the initial phase of the beam center, x = ( U  
- nQ,)/kll olI is the mistuning parameter, Q, = Qc0/y, 
and SI is the guiding center spread effect given by 
Here we have assumed the beam radius is sufficiently 
small that nRb/RL I 1. 
Since this is a first-order interaction, the wave with the 
optimal phase angle will lock to the electron beam and 
grow. This corresponds to the value which makes: 
or 
equal to unity. For this choice of phase, the gain function 
for odd p becomes 
G,(x) = [cos (?)I( 1 - x 2 ) I  (15a) 
and for even p becomes 
Consequently, the power flow into the wave is given by 
Meanwhile, the power lost by the field with total energy 
U is given by P = ( u / Q )  U, where 
U = !%E:( 16 1 - ( L ) 2 ) J : ( q n m ) .  9 n m  ( 2 0 )  
At equilibrium, the power gained from the electrons must 
equal the dissipated power. Consequently, the expected 
power level is given in MKSA units by 
where F is the interaction strength between the wave and 
electrons 
F = ( 1  - ( n / q n m l 2 ) - l (  J , : ( ~ n m R L o / R a ) / J n ( 4 n m ) ~ ,  
( 2 2 )  
Notice that the power scales with the square of the cur- 
rent, which is also a characteristic of a two-cavity kly- 
stron amplifier. Thus, unlike the conventional gyrotron, 
no threshold value of current exists for RF emission in the 
prebunched gyrotron. 
Equation (21)  states that maximum output power occurs 
for Gi(xo) = 0. This is also unlike the conventional gy- 
rotron, where the dominant part of the energy transfer is 
proportional to Gi(xo) and is due to the dependence of 
the cyclotron frequency on the energy. The prebunched 
gyrotron is independent of this effect, the so-called neg- 
ative-mass instability. G p ( x )  and Gi(x) are plotted in 
Fig. 3 for the three lowest-order axial modes. It can be 
seen that G p ( x )  is a maximum for x = 0 forp = 1. How- 
ever, as previously noted, operation of the prebunched 
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Fig. 3 .  Gain function and its derivative as function of mistuning. (a )  G,,( .K) is shown f o r p  = I .  ( b )  G;,(.r) is shown f o r p  = 
I .  (c) G, , (x )  is shown f o r p  = 2 .  (d) G;,(.K) is shown f o r p  = 2 .  (e) G,,( .K) is shown f o r p  = 3 .  ( f )  G;!(.r) is shown for 
p = 3.  
high-harmonic gyrotron is not readily attained for p = 1, 
due to the accelerator’s characteristics. It is seen in Fig. 
3 that G,, ( x )  is a maximum for x = f 1 for p L 2. Con- 
sidering the accelerator, x = 1 is the relevant optimal 
operating value. 
The parameter SI accounts for the effect that, with a 
guiding center spread, not all electrons are in an optimal 
phase relative to the wave. The value of SI decreases as 
the beam radius becomes larger, as shown in Fig. 4. 
Equation (14) implies that the maximum harmonic num- 
ber for efficient interaction is determined by the beam ra- 
dius, which in our case is equal to the radius of the elec- 
tron beam aperture placed before the RF accelerator. 
To evaluate the influence of axial velocity spread, we 
assume a monoenergetic electron beam with a Gaussian 
distribution function given by 
where A is a normalization constant such that S d’pg ( p I ,  
p11) = 1 and Apil is the standard deviation of pli from the 
mean value, pllo. Because k, ,  must be large, the perfor- 
mance of a prebunched high-harmonic gyrotron is more 
sensitive to velocity spread than a conventional gyrotron. 
The computed results for S? are shown in Fig. 5 .  
It must be emphasized that the prebunched high-har- 
monic gyrotron is a first-order interaction, unlike the con- 
ventional high-harmonic gyrotron, where electrons enter 
the cavity at random phase and the net energy transfer is 
due to a second-order interaction from the bunching of 
electrons in phase space. For this reason, we expect little 
interference from mode competition in this new interac- 
tion. The electron beam will lock onto the stronger pre- 
bunched interaction before it oscillates in nonprebunched 
gyrotron modes. It is even conceivable that a cavity could 
be sufficiently short that the prebunched interaction satu- 
rates before any nonprebunched gyrotron modes begin to 
oscillate. Furthermore, competing prebunched interac- 
tions are not possible, since it  can be shown that for a 
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Fig. 5.  Dependence of S, on axial velocity spread for several values of 
mistuning. 
given cavity only one cavity mode can satisfy the pre- 
bunched condition, w = nw,,., (for finite Q this is not true 
for extremely large values of n ) .  
IV. EXPERIMENT 
The geometry of the prebunched high-harmonic gyro- 
tron is shown in Fig. 6. A low-energy pencil electron 
beam is injected along the magnetic field into the cylin- 
drical, circularly polarized TEI I I gyroresonant accelera- 
tor cavity excited by a high-power microwave source. The 
resulting helix of high-energy electrons strikes a uranium 
glass witness plate after propagating through the interac- 
tion cavity. Because the radius of the resulting fluorescent 
image is just the Larmor radius, the perpendicular veloc- 
ity can be determined within - 2.5 percent. 
The modes were identified by using the perturbation 
method. Since the resonance frequency varies only 
slightly with the position of a small dielectric “perturba- 
347 
URANIUM GLASS 
BEAM IMAGER 
\ bo 
ACCELERATOR 
MM-WAVE 
OUTPUT 
HIGH POWER 
RF INPUT 
(X-BAND) 
I 
‘l TYPICAL 
ELECTRON 
TRAJECTORY 
Fig. 6 .  Schematic of RF accelerator and gyrotron cavity configuration. 
tion” object in the cavity, the axial and the azimuthal 
mode numbers can be determined from the observed 
cycles of variation of the resonance frequency as the di- 
electric object is moved axially and azimuthally in the 
cavity. Critical coupling was achieved by gradually in- 
creasing the size of the coupling hole. 
The frequency of the output signal was analyzed by the 
hetrodyne method. The output signal and the signal from 
a tunable local oscillator were combined in a directional 
coupler and directed onto a mixer. The IF signal was then 
passed through a bandpass filter ( f,. = 100 MHz, Af = 
70 MHz) into a broadband (5-500 MHz) amplifier, and 
then into a video detector. The output power was mea- 
sured by a system consisting of two calibrated directional 
couplers, a precision attenuator, and a calibrated crystal 
detector. 
Our first experiment was performed at the third har- 
monic with the TE,,* mode at 27.7 GHz. The RF accel- 
erator’s third harmonic was 1 MHz off the interaction cav- 
ity’s resonant frequency, which is well within the response 
bandwidth of the interaction cavity with a loaded Q value 
of 600. Resonance was achieved with an electron beam 
with an energy of 220 kV and an axial velocity of (0.16) c. 
This beam was produced with an input voltage of 10 kV 
and an input RF power of 200 kW. For the maximum 
beam current of 400 mA, the acceleration efficiency cor- 
responds to 42  percent. The maximum output power was 
3.4 kW and the maximum conversion efficiency was 13 
percent. The dependence of the output power on the elec- 
tron beam current is shown in Fig. 7. As (21) predicts, 
the output power scales with the square of the current and 
the start oscillation current is vanishingly small. Output 
power was observed for the lowest possible values of 
beam current ( = 5  mA). Also, the prebunched beam has 
very effectively suppressed mode competition. The level 
of the competing mode was always at least 30 dB below 
that of the main mode. The relative levels of the spurious 
oscillations are shown in Table I. 
A rough estimate of the maximum efficiency in an un- 
tapered magnetic field is given by the change of y by 
which the electrons advance in the wave by 180”. It can 
be shown that the efficiency is then given by 
For our parameters the predicted maximum efficiency is 
21 percent, whereas a peak efficiency of 13 percent was 
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Fig, 7. Dependence of output power and conversion efhciency on electron 
beam current for prebunched third-harmonic gyrotron and equivalent 
nonprebunched third-harmonic gyrotron. 
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observed. For a cold electron beam without guiding cen- 
ter spread, (21) predicts an output power of 193 kW/A2, 
as compared with the measured value of 125 kW /A2. The 
discrepancy can be accounted for by the beam-guiding 
center spread, which causes some electrons to enter the 
cavity at improper phase angles. Axial velocity spread, 
together with the large value of kll, also leads to lower 
efficiency and lower power. For our experimental values 
of A v l l / v , l  2: 0.1 and k,,, Rh = 0.38, SI and S2 are 0.94 
and 0.9, respectively. Taking these two effects into ac- 
count, we obtain a much closer theoretical prediction of 
138 kW/A*. A small aperture in front of the accelerator 
to reduce the guiding center spread would be expected to 
improve the efficiency. 
A comparative experiment has also been performed. 
The cavity length was kept constant, but the radius was 
altered to shift the resonant frequency by 2 percent hence 
to spoil the prebunching condition. The results, also plot- 
ted on Fig. 7, show a much lower efficiency and output 
power. The start oscillation current was 40 mA, the sat- 
urated efficiency was 1.2 percent. and the peak output 
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Fig. 8. Dependence of output power and conversion efficiency on electron 
beam current for nonprebunched gyrotron with twice the length of cav- 
ities in Fig. 7 .  
power was 300 W. The hetrodyne frequency measure- 
ments showed a strong presence of competing modes. The 
simultaneous output from a competing mode at 27.0 GHz 
was at a power level comparable to the TE?,, mode at 
27.3 GHz.  
For interaction cavities of the same length, the pre- 
bunched gyrotron has been shown to perform much better 
than the conventional nonprebunched gyrotron. To make 
a fair comparison. the prebunched gyrotron should be 
compared to an optimized conventional gyrotron. Since 
the conventional gyrotron derives from a second-order in- 
teraction, it  requires a longer cavity for optimum perfor- 
mance. A second nonprebunched gyrotron was tested 
whose length was twice that of the prebunched gyrotron 
cavity. The results, shown in Fig. 8, show a start oscil- 
lation current of 10 mA, a peak output power of 280 W. 
and a saturated conversion efficiency of 3.2 percent. The 
performance has indeed improved but is still far below 
that of the prebunched gyrotron. 
V.  CONCLUSION 
We have shown that the prebunched high-harmonic gy- 
rotron is a device with high-efficiency multi-kW output 
power and negligible mode competition. Both the linear 
theory and experimental results show that the output 
power is proportional to the square of the beam current. 
Theoretical power and efficiency agree with the experi- 
ment to within 10 percent. 
Since this device is basically an RF converter, the total 
efficiency is the relevant figure of merit. The efficiency of 
the device as a whole is the product of the conversion 
efficiency, the coupling efficiency, the acceleration effi- 
ciency, and the efficiency of the microwave source. 
Crossed field amplifiers (e.g.. QKS982) can be &per- 
cent efficient. The efficiency of the gyroresonant accel- 
eration process has been reported [ 5 ]  to exceed 50 per- 
cent. The coupling efficiency for this critically coupled 
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cavity was 50 percent, but can be designed to be 80 per- 
cent or even higher. Thus the total efficiency of this de- 
vice can be as high as 35 percent of the conversion effi- 
ciency, or 4 percent for this unoptiinized proof-of- 
principle experiment. 
Similarly, the maximum output power of this device is 
limited by the RF power available for the gyroresonant 
accelerator. It is conceivable that a prebunched high-har- 
monic gyrotron with a circularly polarized accelerator/ 
buncher would emit 20 MW if it  were driven by two 65- 
MW 5045 klystrons, developed by the Stanford Linear 
Accelerating Center. 
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